In this paper, a two-dimensional characteristic unit was used to simulate the thermal-mechanical performance of a fully ceramic microencapsulated (FCM) fuel pellet, and the criterion of FCM structure integrity was discussed. FCM structure integrity can be reflected though the integrity of the silicon carbide (SiC) matrix or SiC layers because of the excellent fission retention capability of SiC ceramics. The maximum temperature of the SiC matrix under normal conditions of the pressure water reactor (PWR) environment was about 1390 K, which was lower than the decomposition point of SiC. The maximum hoop stress of the SiC matrix, especially the inner part, was up to about 1200 MPa, and the hoop stress of the non-fuel region part was lower than the inner part, which can be attributed to the deformation of tristructural-isotopic (TRISO) particles. The hoop stress of the SiC layers at the end of life was only about 180 MPa, which is much lower than the strength of the chemical vapor deposition (CVD)-SiC. The failure probability of the SiC layer was lower than 9 × 10 −5 ; thus, the integrity of SiC layers and the fission retention capability were maintained. The structure integrity of FCM fuel was broken because the SiC matrix cracked.
Introduction
Fully ceramic microencapsulated (FCM) fuel, which can improve the accident tolerance of light water reactors (LWRs), receives much attention because of its excellent oxidation resistance, fission retention capability, high thermal conductivity, and irradiation stability [1] [2] [3] [4] . FCM was designed to improve the fission retention capacity during accident processes; fission retention capacity may be reflected by the integrity of the silicon carbide (SiC) matrix and layers. FCM is composed of historic tri-isotropic fuel embedded in a fully dense and impermeable SiC matrix. The tristructural-isotopic (TRISO) particle consists of the fuel kernel surrounded by four successive layers [5] : the low-density carbon buffer layer, whose function is to slow down and retain the generated fission product, and the inner and outer pyroltytic graphite layers, which surround the silicon carbide (SiC) micro pressure vessel. The function of the pyrolytic carbon is severalfold, including the protection of the kernel from aggressive process gases used during TRISO processing, to protect the SiC shell from energetic fission product recoil damage, and to provide thermal-mechanical stability and toughening for this multilayer system. Historically, TRISO and its fuel forms (graphite matrix compacts in the form of the cylindrical The thermal-mechanical performance of FCM pellets is difficult to simulate because of its complex structure and material properties. The temperature field and thermal conductivity of FCM pellets were studied previously [10] [11] [12] , but thermal and mechanical coupled simulation results are rare. The temperature of the FCM pellet used in a pressure water reactor (PWR) environment was calculated by COMSOL software in the literature [10] . Both homogeneous and heterogeneous models were used in the report, and the calculated result of the homogeneous models was in good agreement with the result calculated by RELAP. The mechanical performance of FCM was not studied. Ougouag and co-workers [13] studied the influence of the SiC matrix on the performance of TRISO fuel by adding an SiC matrix on the outer surface of a single TRISO particle model. The results indicate that the thickness of the SiC matrix has an obvious influence on the stress distribution of the SiC and IPyC layers. The structure and coated layer size can affect the stress condition of the FCM. The SiC layer stress increased upon ignoring the outer pyrocarbon (OPyC) layer or increasing the SiC matrix thickness. The stress of the SiC layer with a matrix was much higher than the single particle. Schappel [14] simulated the thermal-mechanical performance of an FCM pellet and TRISO particle separately using ABAQUS software. TRISO particles were subtracted from the FCM pellet to simplify the model and decrease the computation amount. The performance of the coated layers was not detected, and the interaction between the TRISO particle and matrix was not reflected in the literature.
There is no criterion to evaluate the integrity of the FCM pellet, and the integrity of the FCM pellet was not studied in previous work as far as we know. In this paper, the integrity of the FCM pellet was defined according to fission retention capacity. The integrity of the FCM pellet under a PWR environment was discussed by investigating the mechanical performance and failure probability of the SiC matrix and SiC layers. A two-dimensional model was established, while the buffer layer and fuel kernel were subtracted from the FCM pellet. The internal pressure of TRISO particles embedded in different locations of FCM fuel was calculated using a TRISO simulation. The interaction between the TRISO particle and the SiC matrix was investigated, and the thermal-mechanical properties of the coated layers and SiC matrix were discussed. The fission production capacity of the FCM pellet was evaluated by investigating the failure probability of SiC layers and the hoop stress of the SiC matrix. 
Governing Equation and Material Properties

Governing Equation
COMSOL multi-physics software offered the heat transfer model for the solid materials to calculate the temperature distribution in FCM and TRISO fuel. The temperature field of FCM pellet and TRISO fuel are determined by the heat conduction equation:
where T, ρ and C p are the temperature, density (kg/m 3 ) and heat capacity (J/(kg·K)) of the solid material,
respectively. E f and .
F are the energy released in a single fission event and volumetric fission rate, respectively. The heat flux can be written as follows:
The stress in all coated layers and the SiC matrix was caused by the accumulation of internal pressure and the deformation of other materials. The internal pressure of TRISO fuel was caused by fission gas release. The TRISO particle located in a different part of the FCM pellet possessed a different internal pressure caused by the temperature gradient of the FCM pellet [9] . The deformation of the coated layers and SiC matrix was caused by the internal and outer pressure, thermal expansion, irradiation and creep strain. The strain tensor of FCM was written as follows:
where ε is the strain, ε e , ε T , ε i and ε c represent the elastic strain, thermal expansion strain, irradiation strain and creep strain.
Material Properties
The properties of dense pyrolytic carbon, SiC layer, and SiC matrix were used in this simulation. The properties of dense pyrolytic carbon in PASTA code used in a high temperature gas cooled reactor have been employed to analyze the performance of the FCM pellet in an LWR environment by Idaho National Laboratory (INL), and the appropriateness of the properties of dense pyrolytic carbon have been proved in previous works [15, 16] . The appropriateness of the properties of SiC ceramics described in the following part used in an LWR environment, has been reported [17, 18] .
Dense Pyrolytic Carbon (PyC) Layers
The properties of the SiC layer, SiC matrix and PyC materials are taken into account in this paper. The elastic modulus of the PyC layer is anisotropic and can be calculated by the following Equation [19] :
where Φ is the neutron flux (×10 25 n/m 2 ), T is the temperature (K), and BAF is the anisotropic parameters of PyC. The radial and tangential irradiation strain of the PyC layers are expressed by the following equations [17] :
.
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The irradiation deformation of PyC (as shown in Equations (5) and (6)) was saturated when the neutron flux reached 8.14 × 10 25 n/m 2 [16] . Equation (7) is given to calculate the creep strain of the PyC layers along the radial and other directions [17] .
where .
Φ is the fast neutron flux rate (10 25 n·m −2 ·s −1 ), v c is the Poisson ratio (v c = 0.23), and K pyc is the temperature-dependent creep coefficient.
SiC Layer and SiC Matrix
The elastic modulus and thermal expansion coefficient of the SiC layer are represented as in the following equations [17] :
where E and α are the elastic modulus and thermal expansion coefficient, respectively. The swelling model of the SiC matrix is the function of temperature and neutron flex, which can be written as follows [19] :
where S is the swelling rate (s −1 ), K s is the coefficient of the swelling rate (dpa −2/3 ), γ is the neutron flux (dpa), and γ sc is the characteristic dose for swelling saturation by the negative feedback mechanism (dpa). The swelling of the SiC can be obtained from the time integration of Equation (10):
where S s and γ sc are the function of the temperature and can be expressed as follows: Figure 1 shows the swelling of SiC materials as a function of temperature and dose calculated from Equation (11) .
The thermal expansion coefficient of the SiC matrix is expressed as follows [20] :
The thermal conductivity of the SiC layer is different from that of the SiC matrix due to the differences in their fabrication and chemical components. Si and C exhibit similar electronegative properties; thus, SiC is mainly combined by C and Si with a covalent bond, according to the Principle of Electro negativity. Unirradiated SiC thermal resistance increases with temperature and defects due to an increase in phonon-phonon scattering. Because of irradiation can increase the quantity of defects, the thermal resistance of SiC increased. The thermal resistance of SiC can be simplified as Equation (15) by neglecting the contribution to the electron to the thermal conductivity at a high temperature [21] :
where R 0 and R irr are the thermal resistance (K/W) of the prior-and post-irradiated SiC, respectively.
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The thermal resistance of the unirradiated SiC lay and matrix is expressed as below: 
The thermal resistance induced by the irradiation can be written:
where S is the irradiation-induced volume swelling shown in Equation (11).
Failure probability of the SiC layer can be reflected by the stress distribution. The failure probability of brittleness material can be calculated by the following Equation [19] : The thermal resistance of the unirradiated SiC lay and matrix is expressed as below:
where S is the irradiation-induced volume swelling shown in Equation (11) . Failure probability of the SiC layer can be reflected by the stress distribution. The failure probability of brittleness material can be calculated by the following Equation [19] :
where V is the characteristic volume, m is the Weibull modulus of the SiC layer, and σ 0 is the characteristic strength, while σ p is the true stress. The characteristic strength and the Weibull modulus of the SiC layer were 350 MPa and 5, respectively [15] .
Geometry and Boundary Conditions
The performance of a TRISO particle with a UN kernel was simulated in our previous work [22] , and the calculated internal pressure at a different temperature of TRISO was used as input parameters for the FCM pellet simulation. A 1/8 sphere unit was used to simulate the performance of the TRISO particle by defining the boundary condition. The heat source of the TRISO particle was conversed from the liner power of the FCM pellet. The surface temperature was set according to the calculated result of the FCM pellet. The symmetry boundary condition was set on the 3 side surfaces. The structure and boundary condition schematic diagram of the TRISO particle unit is shown in Figure 2 . The typical size of the TRISO particle had been studied in [22] , and the size of the kernel and coated layers have great influence on the performance of TRISO particles. The structural size of the TRISO particle was similar with that of our previous work [23] and was set as follows: the diameter of the UN kernel was 800 µm, while the thickness of buffer, IPyC, SiC, and OPyC layers were 100 µm, 30 µm, 40 µm, and 30 µm, respectively.
The FCM pellet with 39.8 vol.% TRISO particle loading was simulated in this work. The diameter and height of the FCM pellet was 7 mm and 7 mm, respectively. A three-dimensional model is shown in Figure 3 . In order to decrease the calculated quantity of the FCM pellet, a 2-dimensional model was used in this simulation. The 2-dimensional unit was obtained from the 3-dimensional one; the cutting pattern is shown in Figure 3 .
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A schematic of the calculation flow in the COMSOL software was is shown in Figure 5 , and each part of the computable flow graph was described as follows. The two-dimensional model was used to simulate the performance of the FCM pellet. Solid mechanics and heat transfer modules were selected to calculate the temperature and mechanical field of the FCM under a normal condition. The three-dimensional model of the FCM pellet was established, and the two-dimensional model was obtained from the three-dimensional ones, as shown in Figure 3 . The geometric model was established by set the size of pellet and coated layers. The material model and boundary condition, as mentioned above, was input, and the grid was subdivided using the native function of COMSOL, according to the physical field. The temperature and stress field of the FCM pellet was output.
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Results and Discussion
Temperature Distribution of FCM Pellet
The calculated temperature distribution of an FCM pellet in an LWR environment is shown in Figure 6 . The highest temperature of the SiC matrix was located in the center of the FCM pellet, and the maximum temperature at the end of life was about 1390 K, which was similar with the results in the literature [14] . The maximum matrix temperature was much lower than the decomposition or molten point of SiC. The maximum temperature increased rapidly at the beginning and was followed by a slower linear increase. The swelling of the SiC matrix is the function of temperature and neutron 
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Temperature Distribution of FCM Pellet
The calculated temperature distribution of an FCM pellet in an LWR environment is shown in Figure 6 . The highest temperature of the SiC matrix was located in the center of the FCM pellet, and the maximum temperature at the end of life was about 1390 K, which was similar with the results in the literature [14] . The maximum matrix temperature was much lower than the decomposition or molten point of SiC. The maximum temperature increased rapidly at the beginning and was followed by a slower linear increase. The swelling of the SiC matrix is the function of temperature and neutron flex, which can cause thermal conductivity degradation of SiC matrix, as discussed in the above section (shown in Equation (17)). The thermal conductivity of the SiC matrix reached an essentially steady state condition after 100 d when the SiC swelling reached saturation at about 1 dpa. The maximum temperature of the SiC matrix was much lower than that of the UO 2 pellet in the same operational environment, which was attributed to the high thermal conductivity of the SiC matrix. 
Mechanical Performance of SiC Matrix
The internal pressure of TRISO particles located at different part of the FCM pellet was calculated using a 1/8 sphere unit model. Internal pressure of the TRISO particle with a different surface temperature is shown in Figure 7 . The internal pressure of the TRISO particle increased with the surface temperature. No interaction occurred between the UN kernel and Buffer layers, and the internal pressure was caused by the fission gas. The calculated result was similar with the reported ones, which used UN as a TRISO kernel [23] , but the internal pressure was much lower than that in the literature [14] . This result may be attributed to the different kernel, and the interaction between the UO2 and Buffer layer may increase the internal pressure dramatically. The internal pressure increased with burn up linearly because of the increase in fission gas production. The maximum internal pressure was about 3 MPa at 1400 EFPD when the surface temperature was up to 1200 K, which was in good agreement with the literature [22] . Internal pressure has an obvious influence on the stress distribution of the TRISO particle and the FCM pellet. 
The internal pressure of TRISO particles located at different part of the FCM pellet was calculated using a 1/8 sphere unit model. Internal pressure of the TRISO particle with a different surface temperature is shown in Figure 7 . The internal pressure of the TRISO particle increased with the surface temperature. No interaction occurred between the UN kernel and Buffer layers, and the internal pressure was caused by the fission gas. The calculated result was similar with the reported ones, which used UN as a TRISO kernel [23] , but the internal pressure was much lower than that in the literature [14] . This result may be attributed to the different kernel, and the interaction between the UO 2 and Buffer layer may increase the internal pressure dramatically. The internal pressure increased with burn up linearly because of the increase in fission gas production. The maximum internal pressure was about 3 MPa at 1400 EFPD when the surface temperature was up to 1200 K, which was in good agreement with the literature [22] . Internal pressure has an obvious influence on the stress distribution of the TRISO particle and the FCM pellet.
Variation of hoop stress on marginal parts of the FCM pallet (non-fuel part) is shown in Figure 8 . The bottom part (Parts A, B, and C) shows relatively lower stress than the side part (Parts D and E), which may be caused by the different temperature gradient. Because of the higher temperature of the inner matrix (shown in Figure 6 ), a higher thermal deformation was induced; thus, the hoop stress of the inner part (Parts B and C) was much higher than that of the outer part (Part A). The non-fuel part hoop stress was up to about 500 MPa at the end of life, which was confirmed by the literature [14] . Cracks may be produced because of the high hoop stress of the SiC matrix during the running operation, but the cracks may have disappeared or been deflected when the cracks extended to the interface between the matrix and the TRISO particles [6] ; the formation and extension of cracks will be investigated in our future work. The hoop stress decreased at the beginning and then increased. The variation of hoop stress may be attributed to the irradiation deformation of the PyC layers; the shrinkage of PyC at the beginning may release the stress of SiC matrix, and then the swelling of PyC may cause an increase in hoop stress.
The internal pressure of TRISO particles located at different part of the FCM pellet was calculated using a 1/8 sphere unit model. Internal pressure of the TRISO particle with a different surface temperature is shown in Figure 7 . The internal pressure of the TRISO particle increased with the surface temperature. No interaction occurred between the UN kernel and Buffer layers, and the internal pressure was caused by the fission gas. The calculated result was similar with the reported ones, which used UN as a TRISO kernel [23] , but the internal pressure was much lower than that in the literature [14] . This result may be attributed to the different kernel, and the interaction between the UO2 and Buffer layer may increase the internal pressure dramatically. The internal pressure increased with burn up linearly because of the increase in fission gas production. The maximum internal pressure was about 3 MPa at 1400 EFPD when the surface temperature was up to 1200 K, which was in good agreement with the literature [22] . Internal pressure has an obvious influence on the stress distribution of the TRISO particle and the FCM pellet. Variation of hoop stress on marginal parts of the FCM pallet (non-fuel part) is shown in Figure  8 . The bottom part (Parts A, B, and C) shows relatively lower stress than the side part (Parts D and E), which may be caused by the different temperature gradient. Because of the higher temperature of the inner matrix (shown in Figure 6 ), a higher thermal deformation was induced; thus, the hoop stress of the inner part (Parts B and C) was much higher than that of the outer part (Part A). The non-fuel part hoop stress was up to about 500 MPa at the end of life, which was confirmed by the literature [14] . Cracks may be produced because of the high hoop stress of the SiC matrix during the running operation, but the cracks may have disappeared or been deflected when the cracks extended to the interface between the matrix and the TRISO particles [6] ; the formation and extension of cracks will be investigated in our future work. The hoop stress decreased at the beginning and then increased.
The variation of hoop stress may be attributed to the irradiation deformation of the PyC layers; the shrinkage of PyC at the beginning may release the stress of SiC matrix, and then the swelling of PyC may cause an increase in hoop stress. Figure 9 shows the hoop stress of the inner SiC matrix located between the two TRISO particles. The maximum hoop stress of the inner SiC matrix was up to 1200 MPa at the end of life, and this result was in good agreement with the literature [14] (the maximum value in the literature was about 1160 MPa). The inner SiC matrix between two TRISO particles suffered large hoop stress; the stress decreased at the beginning and then increased. This phenomenon was caused by the interaction between the TRISO particle and the SiC matrix. The hoop stress of the SiC matrix, including the nonfuel region and the inner part, was higher than the SiC's intrinsic strength, and the SiC matrix may be broken during the operation process. Figure 9 shows the hoop stress of the inner SiC matrix located between the two TRISO particles. The maximum hoop stress of the inner SiC matrix was up to 1200 MPa at the end of life, and this result was in good agreement with the literature [14] (the maximum value in the literature was about 1160 MPa). The inner SiC matrix between two TRISO particles suffered large hoop stress; the stress decreased at the beginning and then increased. This phenomenon was caused by the interaction between the TRISO particle and the SiC matrix. The hoop stress of the SiC matrix, including the non-fuel region and the inner part, was higher than the SiC's intrinsic strength, and the SiC matrix may be broken during the operation process. Figure 8 . Variation of the hoop stress of the SiC matrix located in the marginal parts of the FCM pallet. Figure 9 shows the hoop stress of the inner SiC matrix located between the two TRISO particles. The maximum hoop stress of the inner SiC matrix was up to 1200 MPa at the end of life, and this result was in good agreement with the literature [14] (the maximum value in the literature was about 1160 MPa). The inner SiC matrix between two TRISO particles suffered large hoop stress; the stress decreased at the beginning and then increased. This phenomenon was caused by the interaction between the TRISO particle and the SiC matrix. The hoop stress of the SiC matrix, including the nonfuel region and the inner part, was higher than the SiC's intrinsic strength, and the SiC matrix may be broken during the operation process. 
Mechanical Performance of SiC Layer
The fission product capabilities of FCM can be reflected by the structural integrity of the SiC matrix and the the SiC layers in the TRISO particles. The fission products can be effectively prevented by the SiC layers, which have been proven by an advanced gas cooled reactor [8] . The thermal-mechanical performance and failure probability of the SiC layers were important parameters to evaluate the integrity and fission product capabilities of FCM. There was no consideration of SiC layer performance on FCM pellets in previous reports as far as we know. The performance of the SiC layer located in different parts of the FCM pellet was calculated in this work.
The hoop stress of the SiC layers in TRISO particles, which embed in different parts of the FCM pellet, is shown in Figure 10 , and the detected TRISO particles were labeled. SiC layers located in different parts of the FCM suffered different hoop stress. TRISO particles located in the inner part of the FCM (such as No. 1, No. 2, No. 5 and No. 8) suffered high hoop stress, which can be attributed to the high temperature gradient and thermal deformation. The maximum hoop stress of the SiC layers was about 180 MPa, which was much lower than the SiC strength (350 MPa) [15] . The maximum stress of the SiC layer was similar to the literature [19] . The hoop stress of all the SiC layers decreased at the beginning, and this result may be attributed to the irradiation deformation of the IPyC and OPyC layers, which was similar to the calculated result of the TRISO particles [22] . The irradiation deformation of the IPyC and OPyC layers can protect the SiC layers at the beginning time [19] . Then, irradiation deformation of the IPyC and OPyC layers was saturated, and the protective effect disappeared, thus the hoop stress of the SiC layer increased. The irradiation deformation of the SiC matrix may pull or push the TRISO particles located in different parts of FCM pellet, which may increase the hoop stress of the SiC layers.
The failure probability of the SiC layers located in different parts of the FCM pellet is shown in Figure 11 . They are higher than the single TRISO particle with probabilities lower than 5.0 × 10 −5 [22] , which was confirmed by the stress distribution of the SiC layer. Similar to the single TRISO particle model, the pressure contribution to SiC failure was very limited because of the low gas release and internal pressure of the TRISO particles with the UN kernel under a PWR environment (shown in Figure 7 ). The maximum failure probability of the TRISO was No. 8 (showed in Figure 11 ), which was the inner one located on the side edge of FCM pellet. A large temperature gradient and matrix swelling deformation at a relatively low temperature (shown in Figure 1 ) may induce large hoop stress on the SiC layer, and the failure probability increased. As a whole, the SiC layers located in different parts of the FCM pellet suffered low stress and the integrity of the SiC layers was maintained.
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Conclusions
A two-dimensional model of an FCM pellet with a homogenous distribution of TRISO particles was generated to simulate the thermal-mechanical performance of an FCM pellet. The UN kernel and buffer layers were subtracted because the kernel and buffer layer were separated from other coated Figure 11 . Failure probability of the SiC layers located in different parts of the FCM pellet.
A two-dimensional model of an FCM pellet with a homogenous distribution of TRISO particles was generated to simulate the thermal-mechanical performance of an FCM pellet. The UN kernel and buffer layers were subtracted because the kernel and buffer layer were separated from other coated layers and have little influence on the thermal-mechanical performance of the SiC layer and matrix, which has been proven by a high temperature gas cooled reactor. The interaction between the matrix and TRISO particle was considered, and the performance of SiC layer and matrix were calculated. The maximum matrix temperature increased rapidly at the beginning and was followed by a slower linear increase, which corresponded to the degradation of SiC thermal conductivity. The SiC matrix, including the non-fuel region and inner parts, suffered a large hoop, which can break the SiC matrix. The maximum hoop stress of the SiC layers located in different parts was about 180 MPa, which was much lower than the intrinsic strength of the SiC ceramics. The failure probability of the SiC layers was lower than 9 × 10 −5 , which indicated that the structural integrity of the SiC layers was maintained. The integrity of the SiC layers is beneficial to the capacity of fission product retention.
